characteristics that must be accounted for when determining the usefulness of these systems for agronomic remote sensing.
Digital cameras designed for the consumer market are increasingly being used as research instruments due to their low cost, compact size, and ease of use. Levin et al. (2005) demonstrated that a consumer-grade digital camera could be used to accurately measure visual spectral properties of soils by imaging soil samples in tandem with standardized color samples. Consumer cameras have been used for imaging work in a variety of disciplines, including forestry (Inoue et al., 2004) , microscopy (Wunsam and Bowman, 2001) , and even plastic reconstructive surgery (Galdino et al., 2001 ). However, the user features and optical characteristics of off-the-shelf consumer grade cameras can affect the suitability of consumer cameras for agronomic management.
Nearly every consumer camera has a completely automatic setting: the camera controls shutter, aperture, white balance, film speed, and contrast, allowing the user to point and shoot without adjusting settings. Although convenient, this feature makes correction for camera settings impossible, since the actual value of many of these settings is not recorded. Some of these adjustments are arbitrary, such as white balance and image adjustment. Other adjustments, such as shutter speed, aperture, and ISO setting can affect the camera sensitivity or the quantity of radiation detected by the camera sensors. Mid-level consumer cameras (those with prices currently ranging from about $200 to $500) also have manual settings that allow the user to adjust some or all of these parameters. The cameras are designed to approximate a standardized measurement of human visual response (Sharma, 2003) , and can have overlapping sensitivity between pixels that detect red, green, and blue (RGB) channels (Hong et al., 2000; Wu et al., 2000) . There is currently no standardized method for adjusting camera color parameters, so RGB output differs by camera (Hong et al., 2000) .
Although white balance, image adjustment, and ISO speed can be locked in manual mode, aperture and shutter speed affect the quantity of light into the camera. Locking these parameters has a significant tradeoff. With a single exposure value, changes in exposure can be eliminated as a source of image variation, but changing lighting conditions can affect image quality. A shutter speed that is set too fast will not allow sufficient image exposure, resulting in an underexposed image with a low signal-to-noise ratio. Conversely, a shutter speed that is set too slow will overexpose the image, resulting in loss of data due to image saturation. The use of one shutter speed limits the camera to a narrow dynamic range and increases the risk of over-or underexposure. A more robust solution is to collect images at an appropriate exposure level and correct for exposure as necessary.
As previously discussed, many vegetation indices rely on NIR reflectance for estimates of crop growth. Consumer cameras use hot mirrors to minimize NIR radiation transmission, limiting the camera spectral range to the visible spectrum (Cheng and Rahimzadeh, 2005) . A digital camera can be made NIR sensitive by replacing the internal hot mirror with a filter that transmits NIR rather than visible radiation. A hot mirror is a NIR-blocking glass filter placed inside the camera between the lens and the photo detector. The procedure is generally not too technically demanding (Cheng and Rahimzadeh, 2005) , and the consumer camera might then be practical for the same remote sensing estimates as cameras designed for NIR imaging. This modification requires separate cameras for visible and NIR images, and the cameras require a method of simultaneous image capture, as well as exposure correction between cameras. A correction designed to compensate for changes in exposure might allow these cameras to be used as a viable remote sensing device.
This article presents a method for calibrating a system of visible and NIR cameras for exposure, both within and between cameras. The methodology was designed to evaluate a simple calibration system and to determine the accuracy and efficacy of using a consumer-level digital camera system to estimate visible and NIR reflectance throughout a crop growing season. The images were based on a commercially available standard reflectance system to allow camera calibration without a spectrophotometer.
MATERIALS AND METHODS

CAMERA SETUP
Two Nikon Coolpix 4300 (hereafter Nikon 4300) consumer digital cameras were used for this experiment. The Nikon 4300 camera has a 4.0-megapixel (2272 × 1704 pixel) resolution, was a new camera costing under $400 at the time the experiment was begun, and weighs ~300 g with battery.
Images were collected on manual setting with presets of sunlight white balance, no image adjustment, ISO 100 sensitivity (often used for digital imagery under sunlight conditions because of increased signal to noise), and normal noise reduction. The aperture cannot be preset, but the aperture and other settings were recorded in the camera metafile (info.txt) when the images were collected.
The first camera was not modified and was used to collect visible images with red, green, and blue (RGB) channels. Each channel is 8-bit (256 color), resulting in a 24-bit (1.7 million color) RGB combination. The camera sensor is a charge-coupled device (CCD), a light-sensitive image array commonly used in digital cameras. The CCD is covered with a cyan-yellow-green-magenta (CYGM) filter array (Nikon, 2004) .
The second camera was modified by removing the hot mirror (11 × 12 × 2.5 mm) from between the lens assembly and the CCD array and replacing it with a piece of RM72 infrared filter (2.8 mm thick) cut to 11 × 12 mm, similar to the method described by Cheng and Rahimzadeh (2005) . The process involved removing all of the screws from the plastic case with a jeweler's screwdriver, then removing the memory card holder and circuit boards from the back of the camera until the lens assembly was exposed. The hot mirror was extracted from the back of the lens assembly. With the Nikon 4300, this can be done with a jeweler's screwdriver and a small pick, and the process can be performed without significant pre-training. To avoid the risk of electric shock, users who disassemble their camera should avoid touching the camera capacitors. The RM72 filter is an inexpensive (currently less than $50) NIR filter with NIR transmittance beginning at about 720 nm ( fig. 1) .
The filter was removed from its casing and cut using a glass cutter. Where necessary, edges of the cut filter were trimmed to match the size of the hot mirror using a Dremel rotary tool and a Dremel 85602 silicon carbide grinding attachment (Dremel Co., Racine, Wis.). The visible and NIR transmission characteristics of both the hot mirror and the filter are shown in figure 1, as determined using an Apogee PAR-NIR spectrometer (Apogee Instruments, Logan, Utah) with a 2-m fiber optic cable (full angle FOV = 30°) on a white polytetrafluoroethylene (PTFE) reflectance target under direct sunlight. Although the camera was modified to be insensitive to visible radiation, the resulting image still has RGB channels ( fig. 2 ) that are influenced by both the algorithm in the camera that corrects for color balance and the differing sensitivity of the filter array components to NIR radiation. The optical characteristics of both cameras were tested to estimate the practicality of using a tandem of visible and NIR cameras to estimate vegetation indices.
CAMERA COLOR CALIBRATION
A Gretag-Macbeth ColorCheckert (ColorChecker) color rendition chart with 24 standardized colored squares was used as a reflectance target for both visible and NIR cameras ( fig. 2 ). Images were collected with both cameras simultaneously on a clear day near noon. The cameras were set for bracketed images, allowing the cameras to take images of the ColorChecker panel over a 2-stop exposure range at approximately 0.33-stop increments. The central exposure value for each camera (visible E v = 14.95; NIR E v = 15.27) was designated as the camera exposure that the camera designated as the 0-stop setting. The camera metafiles, which contained information of the exposure value, were downloaded to determine exposure level. Exposure level (E v ) for each camera was calculated as shown in equation 1:
where F is the camera f-stop, and shutter is the shutter speed in seconds (Jacobsen et al., 2000) . Exposure values increase with faster shutter speeds and smaller aperture settings, so if multiple images are taken of the same scene under the same lighting conditions, the image with the highest exposure value will be the most underexposed. This can be misleading, since camera exposures are often referred to in terms of plus-stops and minus-stops, where plus-stops are overexposed and minus-stops are underexposed. Therefore, for the sake of clarity in this article, relative exposure stops will be referred to either as E v or in terms of over-or underexposure.
The images were downloaded and analyzed in Adobe Photoshop CS2 (Adobe Systems, Inc., San Jose, Calif.). A region in the center of each target color was selected using the rectangular marquee tool. The brightness of each channel was observed using the histogram function and recorded in a spreadsheet. Brightness value standard deviations within each image ranged from 1.0 to 2.5 brightness units for each color square.
As exposure changes, there is a slope and offset related to the shift in channel brightness values for a given reflectance. The slope and offset were determined for the ColorChecker squares. The relationship between changes in exposure and changes in brightness for each camera were determined by entering an equation in the form of y = mx + b, where y is the brightness value at the corrected exposure level, m is the slope, x is the brightness value of the uncorrected exposure level, and b is the offset. To relate differing exposure levels, both the slope and the intercept were written in terms of E v . The equation took the form of y = m ΔEv x + ΔE v *b, where ΔE v is the difference between the uncorrected and corrected exposure value. The best fit equation using this form was derived using the solver function in Microsoft Excel ® (Microsoft Corp., Redmond, Washington) by minimizing the error sums of squares between each corrected exposure value and the central exposure value.
Reflectance of each square was measured using an Apogee Instruments PAR-NIR spectrometer with an Apogee Instruments reflectance probe and PTFE diffuse reflectance standard (Apogee Instruments, Logan, Utah). The probe attaches to the fiber optic cable of the spectrometer and has a battery-powered incandescent light source that is mounted at a 45° angle relative to the fiber optic system. An opening at the base of the probe allows it to be placed on a sample for reflectance measurements, with the fiber optic cable positioned at a 90° angle relative to the sample. Reflectance was determined as the ratio of reflected radiation by wavelength of each square compared to the reflectance of the 
CALIBRATION PANEL TEST OF NDVI
Because this research was designed to provide a straightforward method for determining vegetation indices with a consumer grade camera system, the normalized difference vegetation index (NDVI) was used to compare NDVI values obtained from the visible and NIR cameras at multiple exposure levels with NDVI determined from the spectrometer and reflectance probe. This technique was tested on a set of 26 flat-toned paint cards that included varying shades of yellow, green, red, blue, and gray. Reflectance values of each color were determined using the Apogee spectrometer and reflectance probe, and images were collected simultaneously under sunlit conditions using multiple exposure levels of each camera. The visible camera exposure varied by 1.4 shutter stops, and the NIR camera exposure varied by 0.95 shutter stops. The relative exposure difference between the visible and NIR cameras ranged from the visible E v value being 2.0 stops overexposed to 0.39 stops underexposed relative to the NIR E v value, based on the calculation shown in equation 1. Brightness values were then obtained for the visible camera red channel and the NIR camera blue channel. NDVI was calculated as (R NIR -R Red )/ (R NIR + R Red ) for both the camera images and the spectrometer measurements, where R NIR and R Red are NIR and red reflectance, respectively. The NDVI values obtained from the cameras at all exposure combinations were compared to the NDVI values from the spectrometer.
FIELD TESTING OF CALIBRATED CAMERAS
The camera setup was used for monitoring the growth characteristics of cotton in an irrigation study of 36 plots conducted at the Stripling Irrigation Research Park in Camilla, Georgia, in 2006 on a Lucy loamy sand (loamy, kaolonitic, thermic, Arenic, Kandiudults). Fertility, weed control, and insect scouting and control measures were in accordance with the University of Georgia Cooperative Extension Service guidelines.
Images were collected at altitudes of 75 to 300 m above the plant canopy on 8 cloud free days between 10:30 A.M. and 12:30 P.M. from 20 June to 21 July 2006 (49 to 80 days after planting). Aerial imagery was collected using a 5-m long and 2.5-m tall tethered blimp (Southern Balloon Works, Deland, Fla.) and a two-camera remote system. The blimp has a 40-N (4-kg) lift rating by the manufacturer, limiting the size of the platform that could be carried. The camera system included the visible and NIR Nikon 4300 digital cameras, a Digisnap 2100 electronic shutter release device (Harbortronics, Gig Harbor, Wash.) with cables running to both cameras, and a radio control system that allowed simultaneous remote firing of the cameras from the ground. The cameras were connected to each other using a bolt that was screwed into the mounting bracket of each camera. The cameras were placed in a plastic container with holes drilled in the bottom to accommodate the lenses and attached to the bottom of the blimp with a picavet pulley system (Brooks Leffler, Pacific Grove, Calif.) to stabilize them.
As with the calibration procedure, images were collected with each camera on manual setting with presets of sunlight white balance, no image adjustment, ISO 100 sensitivity, and normal noise reduction. A 3.5% barrel distortion was observed for both cameras at the 8-mm focal length, based on measurements obtained from the reference grid and correction in Photoshop. The lens distortion correction filter was used in this case to correct distortion when necessary, and image sample points were drawn from the center of the image where possible.
On most days, the camera field of view did not cover the entire study area, so plot image segments were collected from 37 visible images and 37 NIR images over the course of the study. There were 35 recorded visible exposure values that ranged from 11.2 to 14.0, with a mean exposure value of 12.9. There were 36 recorded NIR exposure values that ranged from 12.0 to 14.8, with a mean exposure of 13.9. This resulted in 37 exposure combinations between the visible and NIR cameras that ranged from the NIR camera being almost two stops underexposed relative to the visible camera to the NIR camera being overexposed almost 1/2 stop relative to the visible camera. The average difference was a 1-stop underexposure of the NIR camera relative to the visible camera.
The visible camera exposure level was matched to the exposure level of the NIR camera, and visible camera brightness values were corrected based on the exposure difference, using the same technique as for the calibration and calibration test. NDVI was calculated from the relative reflectance values of the corrected visible camera red channel brightness and the NIR camera blue channel brightness. Corrected aerial NDVI measurements from the digital cameras were compared with ground-based point measurements of NDVI.
The ground-based NDVI measurements were made using an Apogee Vis/NIR spectrometer with a fiber optic cable with a 30_ full angle field-of-view. The cable was mounted on a hand-carried boom tripod to allow portability and consistent height for measurements. The fiber optic input was positioned 1.5 m above the cotton canopy facing directly down at the center of the crop row, covering 0.5 m 2 at the top of the canopy. The reflectance measurement for each plot was an average of five scans. The system was hand-carried along with a laptop computer to make real-time field measurements. Under clear skies, reflectance measurements of a PTFE reflectance standard were made at the beginning of each set of three crop reflectance measurements. When clouds were present, reference readings were collected prior to each crop measurement, and readings were only made when direct sunlight was available. All reflectance measurements on a sample date were typically collected within a half hour time frame.
RESULTS
NIR IMAGE CHARACTERISTICS
The NIR images exhibited strong red channel color saturation, with red channel values saturating at incident light levels well below the saturation point of the blue and green channels. The red channel reached saturation point at a blue brightness value of 180. This is likely due to high transmission of NIR radiation by the red-transmitting filters in the color filter array, making the red channel impractical for accurately measuring high levels of reflected NIR radiation unless the camera white balance is adjusted to compensate for this saturation. The NIR blue and green channels did not show any appreciable color saturation, with the blue channel more sensitive to infrared light (as measured by slope) than the green channel, although the blue and green channels showed a high linear correlation (r 2 = 0.97).
CAMERA EXPOSURE AND REFLECTANCE
The relationship between reflectance and camera channel brightness is highly dependent on exposure, as shown with the visible camera in figure 3, so correcting for exposure is vital to accurate measurements. For example from figure 3, the red channel brightness values of the gray standard (red reflectance = 18%) ranged from 92 to 193, depending on exposure level. In targets with higher reflectance, this change was not as pronounced, due to the curvilinear sensor response.
The relationship between channel brightness and reflectance was nonlinear for all channels of both the visible and NIR cameras. At a given exposure value, camera linearity is dependent upon the spectral range of the target. Targets with similar reflectance would have a nearly linear slope between reflectance and channel brightness. However, high-contrast scenes show the nonlinearity of the camera sensor. At high channel brightness levels, materials with similar brightness values will be difficult to differentiate. However, because all of the exposure levels yielded similar patterns in the relationship between channel brightness and reflectance, much of this can be corrected by changing shutter speeds and correcting to a common exposure level. There was a strong linear relationship between visible camera channel brightness values at multiple camera exposures (r 2 = 0.986, 0.993, and 0.995 for blue, green, and red channels, respectively), as shown in figure 4. This linear relationship allows a single linear correction based on relative exposure between two exposure levels. This led to a simple correction of visible channel brightness based on change in exposure, as shown in figure 5 . Coefficients of determination between reflectance and the corrected visible channel brightness were 0.943 for the blue channel, 0.957 for the green channel, and 0.984 for the red channel, suggesting a very tight relationship.
The NIR camera channels also had a curvilinear relationship between reflectance and brightness. However, the blue and green channels of the NIR camera did not respond in the same way over the entire region of the NIR spectrum examined. This was particularly noticeable on reflectance targets that reflected significantly less 700-800 nm than 800-900 nm light (none of the samples reflected appreciably more 700-800 nm light than 800-900 nm light). To determine the extent of the difference between channels, NIR reflectance of each target was divided into 700-800 and 800-900 nm regions, and blue and green channel brightness values were plotted against reflectance from each region ( fig. 6 ). Reflectance targets with a 700-800: 800-900 nm reflectance ratio greater than 0.80 were termed "uniform NIR reflectance," and targets with 700-800: 800-900 nm reflectance ratio less than 0.80 were termed "varied NIR reflectance." The value of 0.80 was chosen arbitrarily to identify materials with varying reflectance in the 700-800 and 800-900 nm ranges, and to show the effect of this variance on NIR channel values ( fig. 6 ). The NIR blue channel brightness values correlated well with 800-900 nm reflectance, regardless of whether the targets had uniform or varied NIR reflectance. However, as shown in figure 6 , the blue channel brightness relationship with 700-800 nm reflectance showed large differences between targets with uniform and varied NIR reflectance. This suggests that the blue channel is relatively insensitive to 700-800 nm radiation.
The NIR green channel brightness values showed changes when compared with both the 700-800 nm and 800-900 nm reflectance of materials with varied NIR reflectance. However, when compared with an average of the 700-900 nm reflectance, all targets, including those with varied NIR reflectance had the same brightness to reflectance relationship, as shown in figure 7. It was therefore determined that the NIR green channel is sensitive to radiation from both the 700-800 nm range and the 800-900 nm range ( fig. 7 ). This might be of interest for some applications, because the 700-800 nm range corresponds with the region of rapidly increasing plant reflectance termed the "red edge," and the 800-900 nm range corresponds with a region of nearly constant plant reflectance termed the "red shoulder." The red edge region is almost within the range of human sight, while the red shoulder region is further from the visible range, but still within the range of silicon photo detectors. However, there is a strong relationship between the blue and green channels on the NIR camera in the field (data not shown) that suggests that it would be difficult to identify changes in plant growth by comparing the channels.
Another aspect of this concept is that the NIR camera might be used to effectively calculate two separate NIR regions, based on the difference between the reflectance characteristics of the green and blue channels.
The comparison of NIR blue channel values with 800-900 nm reflectance and NIR green channel values with 700-900 nm reflectance resulted in close correlations with reflectance, as shown in figure 7. Like the visible camera channels, exposure compensation with the NIR camera involved a linear correction between exposure levels. For the NIR blue channel, the compensation was simpler compared to the visible channels, because exposure could be corrected without changing the slope of the relationship ( fig. 8 ). This correction resulted in a high correlation between reflectance and the exposure-compensated channel brightness values, as shown in figure 9 .
NDVI ESTIMATES FROM CALIBRATION TARGETS
The steps of estimating the NDVI from camera brightness values are outlined in table 2. In step 1, the uncorrected images are collected on manual setting with presets of sunlight white balance, no image adjustment, ISO 100 sensitivity, and normal noise reduction. Camera aperture and shutter speed are obtained from the camera metafile when the images are downloaded. In step 2, the exposure level is calculated for each camera based on shutter and aperture, as shown in equation 1. Next, the brightness values of one camera are corrected to match the exposure level of the other camera, as shown in equation 2 (using the visible camera red channel as an example). 
In equation 2, y is the corrected brightness value of the camera being corrected, ΔE v is the change in exposure between the cameras, and x is the uncorrected brightness value of the camera being corrected. Alternatively, the brightness values of both cameras can be corrected to a central exposure level. In equation 3, y is the corrected brightness value for the camera obtained from equation 2, and F(y) is the reflectance estimate as a function of the corrected brightness value for each camera. This equation is mathematically derived from the relationship between brightness and reflectance shown in figure 9. After the camera brightness has been converted to reflectance values, NDVI or another index can be calculated using the reflectance values.
As shown in figure 10 , there was a high correlation between the spectrometer red NDVI and the camera red NDVI (r 2 = 0.96). The correlation was also linear, despite the nonlinear relationship between camera brightness and reflectance, suggesting that the model adequately corrected for this nonlinearity on the reflectance target.
FIELD TESTING OF EXPOSURE CORRECTION
The procedure described in table 2 was tested on data from a remote sensing study conducted in 2006 to verify its ability to correct for changes in exposure in remote sensing of plants. One unique aspect of the study was that relative exposure differences trended positive rather than negative, with differences ranging from -0.4 to 1.85 shutter stops. This would be expected, since plants reflect a high percentage of NIR radiation and a low percentage of visible light. Therefore, as the crop matures, the scene becomes brighter in the NIR and darker in the visible. Correction for exposure improved the relationship of camera NDVI values with those obtained with a ground-based spectrometer from an initial r 2 value of 0.37 to a final value of 0.72, as shown in figure 11 .
DISCUSSION
Characterization of the cameras revealed that consumer digital cameras can be used in tandem as a basic system to estimate visible and NIR reflectance, provided that several practical aspects are considered when using these cameras for remote sensing research. Assuming that the camera settings eliminate automatic white balance correction, perhaps most dramatic is the issue of exposure measurement and correction. Calibration of the camera must take into account the calculated exposure, rather than the estimated exposure level based on the camera bracketing. Of Steps of calculating NDVI from uncorrected visible and NIR images. All of the steps are shown using equations for the red channel of the visible camera.
Step [b] Camera f-stop. [c] Corrected brightness value. [d] Difference in exposure value between corrected and uncorrected images (E v-corrected -E v-uncorrected ) . [e] Uncorrected brightness value.
[f] Calculated reflectance from corrected brightness value. particular concern is the incorrect aperture level recorded by the NIR sensitive camera in this study. It would be worthwhile to characterize the effects of aperture on brightness of any camera considered for such experiments to identify issues such as this prior to using the camera. After aperture was corrected for in the NIR camera, correction of cameras to exposure level was consistent within the tested range of exposure levels for each camera (at least 1.5 stops for the visible camera and at least 1 stop for the NIR camera). This allowed for good corrections between exposure levels, not only within camera, but between cameras.
For these tests, the selected setting was sunlight for both cameras, since nearly all of the images were collected on sunlit days. Another possibility would be to set a white correction manually, which would eliminate color saturation for the NIR camera. The disadvantage to such a white correction is that it would be difficult to duplicate between cameras, whereas an algorithm programmed into the camera firmware would have similar results between cameras of the same model.
Another issue of note is correction for lens aberrations. Lens distortion was observed with both cameras, although the percent lens distortion was nearly identical for both. Another issue to be mindful of is the effect of brightness fall-off, where brightness decreases significantly toward the corners of the image, due to the increasing obliquity in the view away from the nadir axis, as well as lens vignette effects (Dean et al., 2000) . However, much of this can be minimized by using images that include the regions of interest near the center of the image. If this requires the collection of multiple images for a target location, using exposure correction and a vegetation index can decrease the effects of scene brightness changes.
